Abstract-1. Hatching Caretta caretta may lose up to 12% of their initial hatched weight from water loss during emergence from the nest.
INTRODUCTION
Hatchling loggerhead turtles (Caretta caretta), emerging from the insulated environment of the egg at a weight of some 18-22g, spend some days climbing through sand overlying the nest before emerging onto the beach and making for the open sea: Sand moisture above the nest is relatively high (3-6 gH 2 0/100 g sand) until the hatchlings reach the surface layers of sand which may be very dry (0.2-3.0 gH 2 O/100 g sand) and very hot (surface sand temperatures may reach up to 50°C in the hatching season). During the time they spend in the sand on the beach surface, hatchlings must inevitably lose some body water to the environment. Any dehydration suffered at this stage can only be aggravated by osmotic water loss during the first few days of life spent at sea, living on their depleting yolk sacs. It seems unlikely that animals as small as these (4.5 cm carapace length) could survive long at sea unless they are either remarkably resistant to water loss or are capable of replenishing their body water while not feeding. At present the published literature provides little information by which to assess these possibilities. The metabolism of the yolk after hatching has been studied by Kraemer and Bennett (1981) but without reference to its potential for metabolic water production. Holmes and McBean (1964) and Prange and Greenwald (1980) raised the possibility that marine turtles might drink sea water and gain osmotically free water by extra-renal excretion of salts. However, despite the absence of any direct tests of drinking behaviour, Dunson (1969 Dunson ( , 1974 and Minnich (1982) suggested that marine turtles do not drink sea water. Preliminary tests by Taplin (1984a) indicated that juvenile loggerhead turtles, C. caretta, will drink sea water but did not show whether this behaviour enabled them to avoid or recover from dehydration.
The present study examines the magnitude of water losses experienced by hatchling C. caretta during emergence and early exposure to sea water, the ability of hatchlings to osmoregulate while unfed in sea water, and the roles of drinking and metabolic water production in maintenance of homeostasis. The results show clearly that sodium and water balance in unfed hatchling turtles can be achieved by drinking sea water and emphasize the contention of Taplin (1984a) that the neglect of drinking as a component of the water balance equation has limited our understanding of the range of osmoregulatory strategies employed by estuarine and marine reptiles.
MATERIALS AND METHODS
Clutches of eggs from nesting C. caretta were collected from Mon Repos beach, a turtle rookery at Bundaberg in southern Queensland (Limpus, 1981) . Experiments were performed either at a field laboratory at Mon Repos or in the Physiological Ecology laboratory at the University of Sydney.
Water loss and utilization of the yolk sac between hatching and emergence and during subsequent exposure to air were estimated in hatchlings from a natural nest. Fifty-three eggs were excavated and relocated to an artificial nest on the same beach within 2 hr of laying. The nest was fitted with a glass viewing window allowing daily checks for hatching. The eggs began to hatch after a 48-day incubation.
Three groups of hatchlings from a single clutch were collected as follows: (i) a "post-hatching" group of six turtles removed from the egg-chamber within 24 hr of hatching (hatching itself is a prolonged process which may take up to 24 hr);
(ii) a "post-emergence" group of 17 turtles which emerged naturally from the nest 4 days after hatching was observed. Ten of these were sampled immediately and seven after 12 hr exposure to air; (iii) a second "post-emergence" group of 30 hatchlings which emerged after 5 days above the nest. Ten were sampled immediately, 10 after 24 hr in air, and 10 after 36 hr in air.
Turtles held for a time in air were kept in still air at ambient field temperature (23.8-31.4°C) and relative humidity (62-96%). All hatchlings were weighed and measured. Blood was collected from the dorsal cervical sinuses (Bennett, 1986) and the separated plasma stored frozen for electrolyte analysis. Hatchlings were sealed in plastic bags and killed by refrigeration for later analysis of yolk sacs. Where sufficient plasma was available, osmolarity and Na/K levels were measured using a Wescor 5100C vapour pressure osmometer and a Corning 435 flame photometer.
The persistence of the yolk sac was determined in two groups of 25 hatchlings collected from two natural nests which had been fitted with viewing windows. Hatchlings from the first nest were sampled within 6 hr of the first observed hatching. Hatchlings from the second nest were sampled after they emerged, 4 days after hatching. Nest temperatures were 31°C and 32°C respectively; measured after emergence of the turtles.
Hatchlings were weighed, measured and blood sampled at the time of collection. Straight carapace length, measured by vernier caliper along the dorsal midline of the turtle, was used as an index of size. Four animals from each of the two nests, representing post-hatching and post-emergence groups, were killed when first collected and stored frozen in sealed plastic bags for later removal of yolk sacs. The remainder were held in 501 tanks of sea water (salinity 36%) at a water temperature of 27°C. The tanks were housed in a tent, kept shaded but open to the air. All animals were weighed daily and one animal from each group was removed each day and killed to establish how long the yolk persists (and hence the extent of the hatchling phase).
Yolk sacs from all hatchlings were dissected free and weighed to ± 1 mg. Only yolk sacs from turtles sampled up to seven days after hatching were analysed for water and lipid content as yolks from older animals were too small. Yolk sacs from post-hatching and post-emergence turtles used for dehydration experiments (see above) were analysed similarly. Water content was determined gravimetrically by drying the yolks at 65°C and then freeze-drying to a constant weight. Lipid content of the yolks was determined by dissolving lipid from the dried samples into a mixture of chloroform, methanol and water, drawing off a sample, evaporating off the chloroform and weighing the residue. The method is that of the Animal Nutrition Department of the University of Sydney, adapted from those of Bligh and Dyer (1959) and Atkinson et al. (1972) . It is assumed that the proportion of yolk constituents remains constant throughout time and that the protein content of the yolk is negligible as found by Kraemer and Bennett (1981) . Metabolic water content was calculated on the basis that 1 g lipid yields 1.07 g H 2 O and 1 g carbohydrate yields 0.55 g H 2 O (Baldwin, 1959) .
The drinking behaviour of unfed C. caretta was determined on hatchlings from eggs transported from Mon Repos by refrigerated truck transport immediately after laying and incubated in our Sydney laboratory. Eggs were incubated at a constant 27°C in plastic containers filled with moist sand. When hatching began the young turtles were left with the eggs, the containers being sealed with plastic food wrap to limit dehydration. Hatching extended over 24 hr after which time 14 of the turtles were dried carefully under a jet of air, weighed, measured and assigned at random to two groups of seven animals. These groups were then held in sea water at 28 ± 1°C (offshore water temperature at Mon Repos) in tanks sealed with plastic food wrap to maintain air humidities close to saturation over the water. Both were kept for two days free-swimming after which they were again dried and weighed. One group then had their cloacas sealed to prevent urination and the other group had both cloacas and mouths sealed to prevent urination and drinking. Weight changes as a consequence of these treatments were determined after a further two days free-swimming.
Cloacas were sealed using "Supa-Glue" (Selleys) which adhered well to the skin and could be removed easily without trauma. Treatment was limited to two days to minimize deleterious disturbance of water balance while allowing measurable changes in weight. Mouths were sealed by holding the jaws closed with insulating tape behind the level of the eyes and sealing the beak with Silastic Type 5145 (Dow Corning) silicone sealant. This technique improves on that of Taplin (1984a) avoiding the need for restraint on swimming which may inhibit Na efflux (Kooistra and Evans, 1976) and perhaps water flux also.
Net water fluxes were calculated using the equation:
Δ Body weight = Drinking + Net integumental flux on the basis that respiratory water loss was effectively eliminated by the high humidity. Catabolic C loss was negligible at an estimated 0.5% BW i day -1 and hence ignored. Urination was eliminated by cloacal seals. The ability of unfed hatchlings to recover from dehydration and maintain plasma Na balance in sea water was tested on 15 turtles newly hatched in our Sydney laboratory after artificial incubation at 30°C. Hatching took place over three days during which time the hatched turtles were held in sealed plastic containers to minimize water loss: Turtles were assigned at random to five groups which were dehydrated in air (30 ± 1°C, -70 ± 5% RH) for 0, 6, 18; 30 or 48 hr before being measured, weighed, bled and then transferred into sea water at 28 ± 1°C. Turtles were weighed every 6 hr for the first 30 hr and daily for the next nine days. Blood samples were collected for electrolyte analysis just before transfer to sea water and at 10 and I S days after hatching.
All statistics are quoted as mean ± standard error (N) unless specified otherwise.
RESULTS
Hatchling turtles suffer substantial weight loss between hatching and emergence (Table 1) . Turtles emerging 4 and 5 days after hatching had body weights averaging 89.3% and 87.9% respectively of freshly hatched turtles, despite essentially identical mean carapace lengths. Only 31 % of the weight loss in the 4 and 5 day emerging turtles can be attributed directly to utilization of yolk, the average weight of which fell by 44% and 50% respectively in the two groups (Table 1 ). Catabolic C loss over 4-5 days during emergence would amount to little more than 0.16 g given reasonable estimates of metabolic rate, temperature and respiratory quotient. Evaporative and excretory water loss accounts for the balance of the weight loss and will underestimate the actual loss to the extent that yolk sac metabolism contributes metabolic water. Metabolic water production is inadequate to compensate for the substantial water loss incurred by hatchling C. caretta prior to emergence. Yolk had a water content of 44.8 ±0.8 ml/ 100 g wet wt and a lipid content of 43.9 ± 3.1 g/ 100 g dry wt. Assuming that the remainder of the yolk is carbohydrate (see Materials and Methods), metabolism of 1 g wet wt of yolk will yield 0.45 g pre-formed water and 0.43 g of metabolic water, 0.26 g from lipid and 0.17 g from carbohydrate. Thus loss of 0.72 g of yolk between hatching and emergence could be balanced by retention of 0.32+ 0.31 = 0.63 ml of water for a net weight loss of 0.09 g, assuming a negligible water loss associated with excretion of metabolic waste products. The majority of the 11-12% fall in body weight between hatching and emergence can be attributed to water loss to the sand overlying the nest. Nevertheless, analysis of plasma electrolytes from these turtles revealed no significant differences in osmolarity, Na or K (ANOVA, P = 0.05) between freshly hatched and freshly emerged turtles (Table 1) . Plasma osmolarity and electrolyte values were quite variable within and between the treatment groups, in part because of analytical difficulties associated with p1 sample volumes. Nevertheless, the lack of any detectable change in plasma electrolyte levels in the face of significant dehydration suggests an ability to regulate plasma composition by excreting excess electrolyte or altering its distribution between extraand intra-cellular compartments.
Turtles exposed to air for 12, 24 and 36 hr after emergence continued to lose weight at average rates of 9.4, 6.9 and 8.8% of initial weight per day (%BW; day -') respectively: Thus, any delays between emergence and reaching the sea are likely to aggravate their water balance problems considerably. Further water loss during early exposure to sea water is not compensated by metabolism of yolk. Freshly hatched and freshly emerged (after 4 days above nest) turtles continued to lose weight at average rates of 1.6 and 2.5% of initial weight per day during the first 2-4 or 5 days exposure to sea water, during which time some 60-70% of their available yolk was utilized (Fig. 1) . However, following this early decline both groups showed a remarkable recovery in weight over the next 13-15 days, during which time there was relatively little decline in the remaining yolk (Fig. 1) . This recovery in weight while unfed in sea water was sufficient to return the hatchling turtles to their original weight at hatching, or above. In this regard, it is notable from Fig. 1 that emerged turtles, dehydrated by some 11-12% relative to freshly hatched turtles (Table 1) , responded more rapidly and recovered to at least 111 % of their initial (emerged) weight while freshly hatched turtles began to stabilize at close to their hatching weight. The net uptake of water at rates as high as 1.5% of initial body weight per day against a marked osmotic gradient outward suggested that these turtles were drinking seawater. Direct tests confirmed this (Fig. 2) . During the first two days exposure to sea water, with no sealing of either cloaca or mouth, turtles lost weight at rates of 60 ± 13 μl 100 g -1 hr -1 , equivalent to 1.4% BW i day -1 . This was expected from the response observed in other hatchlings during initial exposure to sea water. Over the next two days, however, turtles with sealed cloacae and mouths lost weight at 111 ± 36 μl 100 g -1 hr -1 , while those with only cloacal seals gained weight at 55 ± 6 μl 100 g -1 hr -1 (Fig. 2) . Thus, turtles able to drink were, on average, taking up 166 μl 100 g -1 hr -1 of sea water, equivalent to 0.8 ml day -1 with a total Na content of 360 p mot.
It is clear that unfed hatchling C. caretta are capable of maintaining body weight in sea water by drinking and that the contribution of metabolic water production to their water balance is negligible. That this capability allows them to maintain sodium and water balance in sea water when unfed is demonstrated by tests on hatchlings dehydrated in air for periods of 0-48 hr and subsequently exposed to sea water (Fig. 3a-e) . In each case, very marked changes in body weight and, by inference, body water content are accompanied by minimal changes in plasma Na levels. Turtles exposed to sea water immediately after hatching lose weight for about two days (Fig. 3a) before gradually regaining it, recovering to over 100% of their initial weight. As the extent of dehydration in air increases the initial dehydration in sea water gradually becomes less prolonged and the uptake of water becomes increasingly rapid (Fig. 3b-e) . This trend strengthens the argument that the weight changes observed reflect active drinking of sea water and suggest that the drinking response may be triggered by or intensified by the hydration state of the hatchling.
Analysis of variance revealed no significant changes in plasma osmolarity or Na concentration over time in any of the five treatment groups, despite increases of up to 20% in body weight over 14 days while unfed in sea water. Mean plasma osmolarity and Na concentration in the five groups varied from only 288 to 320 mOsm kg -1 and from 140 to 151 mmol l -1 Na respectively, with the only trend apparent in the data being a slight tendency to higher plasma Na levels in severely dehydrated turtles prior to their exposure to sea water (Fig. 3d, e) . Even after 14 days unfed in sea water there were no detectable differences in plasma Na or osmolarity between groups. 2 . Body weight changes in hatchling C. caretta exposed to sea water for two days while untreated followed by two days with (a) cloacas sealed to prevent urination (N = 7) and (b) mouths and cloacas sealed to prevent both urination and drinking (N = 4). 
DISCUSSION
Hatchling C. caretta are tolerant of dehydration and can maintain electrolyte homeostasis despite substantial loss of water during emergence and subsequently in air and sea water. They are also able to rehydrate and maintain sodium balance while remaining unfed in sea water despite their small size and relatively enormous surface area: volume ratios. Osmoregulation in turtles clearly depends, inter alia, on the ability to drink substantial amounts of sea water and, presumably, to excrete the ingested NaCl in a lower volume of water via the lachrymal glands. Salt gland secretory rates and concentrations have yet to be determined in hatchling C. caretta and other marine turtles but the data available from juveniles and adults leave little doubt that the glands have the capacity to perform this function. Gross Na efflux averaged 131 μmol 100 g -1 hr -1 in hatchling Chelonia mydas, 90% of which was attributed to cephalic efflux (Kooistra and Evans, 1976) . Hatchling C. caretta in sea water had a gross Na efflux of 300 μmol 100 g -1 hr -1 (Evans, 1973) . Chelonia mydas of about 100 g BW excreted Na at a maximum rate of 44 μmol 100 g -1 hr -1 in response to a salt load (Holmes and McBean, 1964) . Prange and Greenwald (1980) measured maximal Na concentrations of about -1 in tears of dehydrated Chelonia mydas, comparable to the 878 mmol l -1 reported from C. caretta by Schmidt-Nielsen and Fange (1958) . These effluxes, salt gland excretory rates and concentrations are large relative to those in most other marine and estuarine reptiles (Table VII of . It should be noted, however, that Dunson (1979) has expressed doubts about the validity of the Na efflux data, but has apparently dismissed the possibility that the drinking of sea-water could contribute substantially to the observed fluxes. Measured drinking rates alone in C. caretta are equivalent to an influx of 75 μmo1 100 g -1 hr -1 (Taplin, 1984a , this study). The demonstration that unfed marine turtles can maintain plasma homeostasis by drinking salt water represents a significant advance in our understanding of the osmoregulatory strategies of marine reptiles as a whole. The possibility that turtles might employ such a strategy was raised over 20 years ago by Holmes and McBean (1964) who, in fact, measured substantial drinking in juvenile Chelonia mydas using the phenol red technique. However, the balance of opinion since then has favoured the view that all marine reptiles avoid drinking sea water, relying instead on the extraction of osmotically free water from food items of relatively low electrolyte content or on periodic access to fresh or brackish drinking water (Dunson, 1969 (Dunson, , 1974 (Dunson, , 1979 Shoemaker and Nagy, 1977; Minnich, 1979 Minnich, , 1982 . While this appears to be true of several estuarine and marine reptiles, review of the evidence on which the general conclusion has been based does not provide much support for the argument that C. caretta or the marine turtles generally are the only exceptions.
Current concepts of osmoregulatory strategies in salt water reptiles are based heavily on the work of Dunson and his co-workers. Evidence that voluntary drinking of sea water does not occur in the various taxa of snakes, turtles and lizards has been based on three primary lines of evidence. In the case of the mangrove monitor, Varanus semiremex, the low secretory rate of the salt glands, 34 μmol 100 g -1 hr -1 , has been used to imply that extraction of osmotically-free water from ingested sea water is not possible (Dunson, 1974) . While this appears likely, especially given the lizard's ability to maintain water balance in captivity on a diet of fish alone, the conclusion must be treated with some caution in the absence of any data on integumental Na and water permeability and gross water and electrolyte turnover rates. More reliable evidence comes from demonstrations that the sea snake, Pelamis platurus, the estuarine turtles, Callagur borneoensis and Malaclemys terrapin, and the estuarine/marine crocodile, Crocodylus acutus, are in negative water balance when unfed in sea water and have Na turnover rates too low to reflect any significant ingestion of sea water (Dunson, 1982; Dunson and Moll, 1980; Dunson and Robinson, 1976; Evans and Ellis, 1977; Ellis, 1980; Robinson and Dunson, 1976) . The third line of evidence is that, in the estuarine snakes Cerberus rhynchops, Nerodia fasciata compressicauda and N.f. clarki, integumental water fluxes measured in vitro can account for the vast majority of measured whole body water fluxes (Dunson,1978; Dunson and Dunson, 1979) . Together with evidence of negative water balance and low whole-body Na turnover, the evidence suggests these snakes do not normally drink sea water. In these cases, however, the isotopic evidence based on unidirectional tritium fluxes does not provide unequivocal evidence against drinking. Taplin (1982; 1984a , 1985 has shown from detailed Na and water budget studies on Crocodylus porosus in sea water that very large diffusional exchanges across the integument can mask relatively small bulk flows of particular concern in studies of water balance. Dunson's (1978) conclusion that the very high whole body tritium turnover of Hydrophis ornatus includes no significant component of drinking should be viewed with caution for the same reason, especially as the only two snakes prevented from drinking died during the experiment. The only direct gravimetric determinations of drinking in estuarine/marine reptiles are those of Taplin (1984a) on Crocodylus porosus and the present study of C. caretta. In summary, there is good evidence that the drinking of sea water is avoided by the estuarine turtles Malaclemys and Callagur, the estuarine snakes Cerberus rhynchops and Nerodia fasciata and the estuarine/marine crocodiles Crocodylus porosus and C. acutus. The only truly marine reptile in which avoidance of sea water drinking has been demonstrated convincingly is Pelamis platurus. There is no evidence that other sea snakes show comparably low rates of Na influx as no measurements are available in the published literature. The only measurements of Na turnover in marine turtles, C. caretta and Chelonia mydas, reveal extremely high turnover rates relative to those reptiles known not to drink sea water (Evans, 1973; Kooistra and Evans; . The published data available do not, therefore, provide very strong support for the following assertions: very low rates of Na influx are characteristic of all marine reptiles (Dunson and Moll, 1980) ; sea snakes and sea turtles gain their water from food alone (Dunson, 1969 (Dunson, , 1974 ; fasting marine snakes have very low rates of Na influx and efflux (Dunson, 1978) ; or for the broad conclusion that the drinking of sea water is not an important osmoregulatory mechanism in any of the estuarine or marine reptiles (Minnich, 1982) .
It is of interest to compare what is known of the very different osmoregulatory strategies of C. caretta and the estuarine crocodile, Crocodylus porosus, in relation to their lifestyles and dispersal capabilities. C. caretta is essentially a marine reptile which nests on ocean beaches. The young turtle emerges from the nest some days after hatching, significantly dehydrated, and makes for the open sea where, it is speculated, frenzied swimming takes it away from the coastline and into open waters where the dangers of predation are considerably lessened (Carr; . The potential period of dehydration between hatching and feeding is unknown, but it is certain that as half the yolk is metabolized during emergence (Kraemer and Bennett, 1981 ; present study) the hatchling cannot depend on yolk reserves to supply either energy or water for long once it reaches the sea. The ability of the hatchling to undertake this immediate dispersal and survive must depend greatly on its ability to osmoregulate by drinking. The estuarine crocodile, in contrast; differs markedly in the physiological limitations imposed on dispersal of its hatchlings, despite their considerably larger size at birth (60-80 g typically). C. porosus is widespread in estuarine waters of northern Australia and is not uncommon on sea beaches and among outer islands of the northern Great Barrier Reef (personal observation). It is an excellent osmoregulator, capable of maintaining itself homeostatic in salinities of 0-60 + 0 / 00 at a size of only 100-200 g body weight (Grigg, 1981; Taplin, 1984b) . This osmoregulatory ability depends on access to abundant food for small crocodiles exposed to highly saline waters. Unfed hatchling crocodiles of 140-200 g body weight dehydrate rapidly in sea water, suffer marked increases in plasma Na levels, and will die within 3-4 weeks when some 30% of their total body water has been lost. At no stage do they show any ability to rehydrate by drinking or to regulate plasma Na concentration (Taplin, 1985) . The physiological limitations of C. porosus can be expected to limit severely the dispersive abilities of hatchling crocodiles in a marine environment. Much evidence from salt water habitats in northern Australia points to the principal dispersive phase in C. porosus occurring in animals over 1 m in total length, while hatchlings and yearlings tend to remain close to their hatching sites in highly productive estuaries (Webb and Messel, 1978; Grigg et al., 1980; Messel et al., 1981) . The wide dispersal of C. porosus throughout the island chains of Asia, Australasia and the western Pacific Ocean must have depended very largely on migrations of moderately large crocodiles capable of surviving prolonged exposure to sea water without feeding. Certainly it would seem that immediate, frenzied dispersal of hatchling crocodiles into environments of low food availability is a strategy unavailable to C. porosus. The implications of this interesting physiological difference in terms of hatchling mortality rates, selection of nesting sites and life history strategies should prove an interesting field for further investigation.
